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(54) High bearing pressure-resistant member and production process therefor 



(57) A high bearing pressure-resistant member 
used as a rolling element forming part of a toroidal con- 
tinuously variable transmission for an automotive vehi- 
cle. The high bearing pressure-resistant member is 
formed of a mechanical structural steel containing Cr. 
The mechanical structural steel includes a matrix hav- 
ing at least one of martensite structure and bainite 
structure. The matrix contains carbide having a mean 
particle size of 3 ujti or less, dispersed and precipitated 
in form of at least one of generally spheres and pseudo- 
spheres. 
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Description 

BACKGROUND OF THF INVFqTIPN 

[0001] This invention relates to a member applied as a motive power transmission part requiring a high deqree of 
surface fatigue strength in the manner of gears and bearing rolling elements, and more particularly, to a high bearing 
pressure-reslstant member and a production process of such a high bearing pressure-resistant member that Is suitable 
for use under high bearing pressure in semi-high-temperature to high -temperature environments (of roughlv within a 
range of from 100 to 300°C). wnnin a 

[0002} A motive power transmission part of the prior art like that described above is used after subjecting to surface 
hardening treatment such as carburlzation and carbonitriding having for its base material (matrix) mechanical structure 

J ri^rTi^ , SCr4 f ° H 81661 (Chr ° m,Um StSe,) 8nd SCM420H Steel (^omium-molybdenum steel) defined in 
JI5 e 4052 (structural steel materials having guaranteed quenching). 

[0O03J However, accompanying the higher engine outputs and reduced size and weight of parts used in for exam- 
ple, automobllesin recent years, the loads being applied to motive power transmission parts Is tending to increase and 

™™. ar * a 9rowln 9 number of 08868 of ° 8 * ™<i°r semi-high to high temperatures (roughly 300» or lower) and under 
nign oeanng pressure. 

[ °™** Although there is. for example, the method of high-density carburlzation treatment, which improves temper 
softening resistance as a result of Increasing hardness by aggressive precipitation of Fe 3 C (cementite). as a method of 
ncreaslng surface fatigue strength of such parts, cementite Is susceptible to precipitation In the form of a coarse retic- 
ular form along the grain boundary during carburlzation, and the coarse carbide (cementite) precipitated in reticular 
form near the grain boundary results In quench cracking that not only lowers tenacity, but also decreases rolling fatigue 

KH u«? " *! °* er h f ? d ' there are 8,30 "w^ods °» Precipitating carbide using steels containing Cr. Mo. V or W as 
LviJ "! « ! sem ^ 10 h'gh-temperature ranges. Although these methods result In improvement of pitting 
Z^T n . 9 fat ' 9Ue S6ryfce ■* 8t Sem, ' hi9h 10 WHWempwatur. ranges, since these steels contain fcrge 
amounts of alloy elements, in eddltlon to the cost of the base material (matrix) becoming high, there are also problems 

rubers JthUjSrtJT * Cmn9 ' ** reS0 ' Uti ° n ° f SUCh prob,erns has been 8 ,or hl 9 h "earing pressure 

30 

SUMMARY OF THF IMVPMTin N 

L°^L C !, iS ? the PrBSem lnVenti ° n to provlde m ,mproved h, 9 h bear,na Pressure-resistant member and 

35 Khnlque P s SBme member ' Wh ' Ch ° an effBCtiv ely overcome drawbacks encountered In conventional sim- 

[0007) Another object of the present Invention is to provide an improved high bearing pressure-resistant member 

SSltr 9 fJ 5 '"'," 9 Stren9th and ro " in9 fa " 9Ue stren 9 th even under semi-high to high temperatures and high 
bearing pressure such that local bearing pressure exceeds 3 GPa. while also inhibiting increases in base material cost 

of thf D ^!r 8 T I 9 e8S ! CaU8ed * 0,0 a(,m ° n ° f ,arge am0Unte of a,l °y elements in comparison with AISI M50 
of tne prior art. and not requiring complex heat treatment 

L°!l 8 ,h 1", °! the P fesent Mention resides in e high bearing pressure-resistant member which is formed of 

J r? Plural steel containing Cr. The mechanical structural steel Includes a matrix having at least one of 
f^T? and ° alnlte StrUCtUra - TTle "^.contains carbide haying a mean particle size of 3 pm or lass dis- 
persed and precipitated in form of at least one of generally spheres and pseudo-spheres 

mSL ■nC n0,h ^ 8 ? eCt ° f me Dr6Sent invention resides ,n a process of P"*"^ a high bearing pressure-resistant 
m^r^I^?" 0 °? P , ro ° eSS comprlses < a > Performing carburlzation treatment on a material memberformed of a 
fTom 0 6 to To/t Uf f ea ', C K 0ntalnin 9 Cr 80 thal ,he ™ terial ^mber has a surface carbon density within a range of 
. ft* W " 9ht; < b > Pasting carbide by holding the carburized material membera. a temperature having 
a n JT ,empera,ure CP) which is calculated from an equation: T = 675 + 120.Si(wt%) - 27- Ni(wt%) I 
nl'nnlT ) ' M ° (Wt%) - 400 ' V(wt%): and (c)Qoenching the carbide-precipitated material member by rapidly 
coonng the carbrde-precipitated member after holding the carbide-precipitated member at a temperature at which 
austenrte phase is formed. . . 

!SL tk ' Urth ! r aSpeCt ° f ,he ptesent lnven «or> resides in a process of producing a high bearing pressure-resistant 
TI^k ■ , , produc,ion P r °cess comprises (a) performing a carburization treatment on e material member formed of 
a mechanical structural steel containing Cr so that a surface carbon density of the mechanical structural member is 
Z™.' ' a " 9 f ° f fKm 0 6 ,0 15% b V weiant : (o) precipitating carbide by holding.the carburized material member at a 
precipitation temperature Tp (»C) having an upper limit temperature T f C) calculated according to a first equation- T = 
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675 + 1 20 • S\(%y 27 • Nl(%)+ 30 • Cr(%) + 215- Mo(%)- 400 • V(%) based components of the material member for a 
time shorter than a time t (nr.) calculated according to a second equation: t =io* t900cy P>* 273 >' 2°) based on the precip- 
itation temperature Tp (•€); and (c) quenching the carbide-precipitated material member by rapidly cooling the carbide- 
precipitated member after holding the carbide-precipitated material member at at least one of a Ac, transformation tem- 
perature and a temperature (austenite region temperature) at which austenite phase is formed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] 



10 



Fig. 1 is a schematic fragmentary perspective view showing the manner of a roller pitting test and the shape of a 
test piece applied in an embodiment of the present invention; 

Fig. 2 is a schematic illustration showing the outline of the thrust-type rolling fatigue test and the shape of the test 
piece applied in the'embodirnent of the present invention; 
75 Figs. 3A to 3D are graphical representations of heat treatment conditions appDed In embodiments of the present 
invention; 

Figs. 4E to 4G are graphical representations of heat treatment conditions applied in embodiments of the present 
invention; 

Figs. 5H to 5K are graphical representations of heat treatment conditions applied In embodiments of the present 
20 invention; 

Figs. 6L to 6N are graphical representations of heat treatment conditions applied In embodiments of the present 
invention; 

Fig. 7 Is a fragmentary sectional view of a toroidal continuously variable transmission box used in an endurance 
test in the embodiments of the present invention; 
25 Figs. 8A and 8B are enlarged fragmentary sectional views which respectively show the shapes of the inner and 
outer rings of a power roller and a disc for a toroidal continuously variable transmission; 

Figs. 9A to 9D are graphical representations of heat treatment conditions applied in embodiments of the present 
invention; . 

Rgs. 1 0E to 1 0G are graphical representations of heat treatment conditions applied In embodiments of the present 
30 invention; 

Fig. 1 1 is a microphotograph (by an electron microscope) of a microstrycture of a thrust-type test piece of Invention 
example 1 according to the present invention: and 

Fig. 12 is an image obtained by subjecting the microphotograph of Fig. 1 1 to image processing. 
35 PETAIIEP DESCRIPTION OF THE INVENTION 

[0012] Referring now to Figs. 1 through BB. first mode of the high bearing pressure-resistant member according to 
the present invention will be discussed. 

[001 3J According to the present invention, a high bearing pressure-resistant member is formed of a mechanical 
AO structural steel containing Cr. The mechanical structural steel includes a matrix having.at least one of martensKe struc- 
ture and bainite structure. The matrix contains carbide having a mean particle size of 3 u/n or less, dispersed and pre- 
cipitated in form of at least one of generally spheres and pseudo-spheres. The carbide includes M 23 C 6 -type carbide 
where M is a metal element. The form of spheres means generally spherical shapes, and the form of pseudo-spheres 
means deformed spherical shapes. - '"'..*- 
45 [0014] The high bearing pressure-resistant member can secure a high degree of hardness even at semi-high to 
high temperatures (generally 100 to 300 °C) and has excellent surface fatigue strength even under high bearing pres- 
sure such as local bearing pressure exceeds 3 GPa. Furthermore, In the present Invention, although the Cr is an alloy 
component that is required as an element that forms the carbide, and particular M 23 C 6 -type carbide, it is only required 
to be added at 1-4%, and does not cause an increase in the cost of the base material (matrix) or a decrease in cuttinq 
so ease. y 

[0015] Furthermore, examples of steels containing Cr that can be used include, according to JIS, chromium steel 
(SCr series) defined in G 4104, chromium-molybdenum steel (SCM series) defined in G 4105, and nickel-chromium- 
molybdenum steel (SNCM series) defined in G 4103. In addition, examples of steels according to ASTM include 
A387GM1, Gr21 and Gr22 steels. Such steels serve as raw material (or material member) for the high bearing pres- 
55 sure-resistant member according to the present invention. 

[0016] The high bearing pressure-resistant member is formed by dispersing and precipitating microcarbides having 
a mean particle size of 3 urn or less in the form of spheres or pseudo-spheres in a base (matrix) of martensite or bainite 
mechanical structural steel containing 1.2-3.2% Cr and 0.25-2.0% Mo, and therefore has excellent surface fatigue 
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SlT?o™on n B l!» 7h7 he Se, TT ,0 m . ,emperattJres - ^ermore. although .he Cr In the present Invention is an 
32S S2 12^ 8 " 0tement *. cam.de. ana particular M^-type carbide, it is onry 
required to be added within the above range, and does not cause an Increase in the cost of the base material (matrix! 
s ZLlSSZ — " " bS ** " % ' U88d this specification is "i by wefght' 

«In«nT L ( } \! °' ,hiS Cr 18 1688 than *• amau "t o' carbide precipitated decreases mareby pre 

stable IS£!L?2 m a ?Z eBSe IT?, 9 ? 5 *' additi0n • add,t,0n °' Mo '"""taneous to addition of Cr results in 
^«I^ H ^ ^C^ ' ,,|,^ ^*' " ,he am ° Um °' M ° ,S ,8SS t" 8 " 0 25% . *e effect of stabilizing precipitation 
cannot be expected. If the amount of Mo exceeds 2% however, cutting ease decreases 

'° Son MnS U b«ld h .^, ari ? 9 preSSUr8 ; res ' 8,am member ° f the pr88en « lnva "«on. since its S content is 0.01% or iess. 
aitnougn MnS-based Inclusions are reduced and machinability decreases a stable lono servica «f«» io „ht 0 i„^rf in*T- 

oT^pamrrrtino 0 ^^^^ 

serllceT 9 MnS - based lnclusions u " d8r rolli "9 <™tact '"creases, making it difficult to obtain a stable 

" SSL at .eai 8 a ? i9 n?^ ari « 9 p ; assu [ a - reatetant membBr °' the present invention, e.nce the amount of nitrogen soiid 
0 5% and lo«?',^L ?°» n ,r ° m ? 6 SUrtBCe t0 tne surface fo,med grinding is within a range of from 0.01 to 

0 5% ie amoum «, ^ ? ? 8 ° rmore - However ' " me amount 01 n "">ge" solid solution exceeds 

om£X™^e^ " 8 ° ,U,,0n ^ ^ ,nCreaSeS 800 tends ,0 d8cra888 ■» a ™"« of precipitation 

Ccalbide^^.iL 9 ^ 68 ' 1 " 9 P ressure - re8istam me "* a r °' present invention contains M^-type carbide as 
t ? J Aspersed extremely finely In martenslte or bainlte structures, is reslstani to looses of streS 

araa ritto (mtefra o.no L n^t 3" 9 W^tant member as claimed in daim 6. since camide at a Turtle 
to me cSScTofZ^ 3 .? % 18 ° tePeread 8nd pr8dpltated at a *>catlon * 'east from the surface euscapttWe 
£Ti a ? n . lntarnal seP ara tlon to the depth of occurrence of maximum shearing stress caused by rolling Z 

he m^;r a l Ca „r e r eedS 30% ' Bdditl0n ,0 to™"* d8Crea8i "9' »™ is a shortage J^ Z^Si 
tte matrix doe to alloy elements going Into solid solution In the carbide, resulting in the tendencj to locaTfy torTa s * 

Ely bv leL'^S" 9 P ?K 8 f'i r6 " reSlStam member °' the Present ,nvantto " demonstrates its characteristics par- 
sura anSrS^., m ° tiVe ^ ^"s^ission parts requiring surface fatigue strength under high beaiWes- 
bearing ^VSS^TSL T^"^ transmissions requiring roWngfettgue sbeVgth underTh 

55 X 1^ , ,* t0 redUCe ° 5,26 a " d ™P™ed longevity of the apparatus in which it is applied 
2 9 tor toZ^y P 7 dUCt,0n process °' 8 h, 9" beari "9 Pressure-resistant member of the present Invention is 
n«IfnSinJ J^^ 0 " °' ,he ab0V8 h,9h bearin 9 Pressure-resistant member. The production process coTS 
ZZ?Z™Z7Z IT m °V a m f ^ memb6r '° m ' ed °* 8 maCh8afca, stru'cturaLeeS 
o/hS 9 m7«^ur^dm«^ 

i a t«d fr«^ . carburized material member at a temperature having an upper limit temperature T CO which Is calcu- 

tlon proceS inhbS t~^t? f temperature- at which austenite phase is formed. Consequently, this produc- 
^nt^, , u Precipitation of coarse, reticular MgC-type carbide in the surface portion that includes toe 
S^iSr" Shearin9 StreSS dep,n C8USed by rol,In 9 conte ct. allows the precipitation of fine ^car- 
o ba£ a l ^ , e ?" 31 Semi " hlgn '° h,9n t^Psratures. and allows the matrix atter quenching to Savlf maTnsUe 
a uS slthlohTo hToh a , h ' 9h beadn9 PreSSUrM eSiStem member iS **- th q a« securaJ ^ :^hardnes?et n 
^i Z^ZenTnZlZT^ ^ SUrf8Ce fa,l9Ue such 88 P*«ng strength and ro^n" 

roosai T£ i « 9 beann9 pressure such ,hat local Bering pressure exceeds 3 GPa 

to secura L« r SUrfaCe Ca *° n density °' ^e «*"rized layer is less than 0.6%. it is not possible 

to oStS Tm C r ° aVe,Se ^ ° aSe ' he SUrfaCe Carbo " dens »V ^eeeds 1 .5%. there is Increased susce» 

mak Z^Zt^Tr,? ' T thefe fe retlC0,ar 9r ° Wth 81 8 mean par,te » 8 siZ8 ^at exceeds 3 um tSereS 
rr^ * I Furthermore there are no particular restrictions on the method of carburtzetlon treatment 2 
although methods such as solid carburization. liquid carburization or gas carburization can be uTedTirnr^K. T 

P e K C v :rr^ rb,,ri2a,i<>n or p,asma carburi2ati ° n w p ° ssib,e - ™ b ^ztrait 

a r„T rt ! afe vacuum treatments, a grain boundary oxidation layer is not formed on the surface and th 6 r« 

are no decreases near the surface in the densities of carbide forming eiements such as C, thus atwln^rbide to be 
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formed down to the surface and making It difficult during treatment to form a Cr-based oxide film on the surface that 
inhibits carburizatlon. 

[O024J As Is previously described, although the Cr in the raw material steel In the present Invention is an essential 
alloy component that forms carbide, and particularly M^Ce-type carbide, its amount added is preferably about 1 to 4% 

5 from the viewpoint of ensuring Its action while avoiding Increases In cost and decreased cutting ease. 

[O025] The above equation T that is used to calculate the upper limit value of the holding temperature for precipi- 
tating carbide was determined as a result of numerous experiments, and by holding the member after carburizatlon 
treatment equal to or below temperature T (<»C) calculated according to its alloy components, M 23 C 6 -type carbide is pre- 
cipitated. Since the mean particle size of M^-type carbide is extremely minute at 1ujn or less, It is unlikely to be a 

io source of stress concentration. Since it is also dispersed and precipitated within crystal grains of martensite or baintte 
it is resistant to softening at the semi-high and high temperatures, thereby ensuring high hardness. It is not always nec' 
essary to hold until equilibrium with respect to the carbide precipitation treatment time, namely the holding time at tem- 
perature T, and this time is selected to be within the range of about 10 minutes to 10 hours. In addition, it Is preferable 
that the lower limit temperature of carbide precipitation treatment be 500°C or higher from the viewpoint of productivity 

is [0026J At this time, If carbide precipitation treatment is performed at a temperature higher than temperature T («C) 
calculated according to the alloy components, M^-type carbide Is not precipitated and a solid solution structure 
results that prevents the obtaining of hardness. Consequently, pitting strength and rolling fatigue strength become inad- 
equate. . 

[0027) If the holding time at the austenlte region temperature in the quenching step Is too long precipitated carbide 
20 ends up returning to a solid solution in the carbide precipitation step. Consequently, a holding time from about 30 min- 
utes to 2 hours is suitable, and It Is preferable that treatment beyond 2 hours be avoided. 

[0028) Since the following production process of a high bearing pressure-resistant member of the present Invention 
is also suitable for production of the above high bearing pressure-resistant member of the present invention. The pro- 
duction process consisting mainly of a carburizatlon step, carbide precipitation step and quenching step, wherein car- 
burlzation treatment Is performed on a member comprising mechanical structural steel containing 1 .2 to 3.2% of Cr and 
0.25 2.0% of Mo, carburization treatment Is performed such that the surface carbon density is within a range of from 0.6 
to 1.5% and the carbon density at the depth location of occurrence of the maximum shearing stress caused by rolling 
contact is within the range of 0.5% or more, carbide is precipitated while holding the carburlzed member at a tempera- 
ture having for its upper limit temperature T (*C) as calculated from the above equation, and quenching Is performed 
after holding at the austenlte region temperature. Accordingly, the precipitation of coarse, reticular IvUC-type carbide at 
he surface layerportlon that includes the depth location of maximum shearing stress caused by rolling contact is Inhib- 
ited microscopic M^-type carbide that Is stable even at semi-high and high temperatures Is precipitated and the 
matrix after quenching becomes a martensite or balnlte structure, thereby allowing the obtaining of a high bearing pres- 
sure-resistant member that secures high hardness even at the seml-hlgh to high temperatures, and has excellent sur- 
ace fatigue strength such as pitting strength and rolling fatigue strength even under high bearing pressure such that 
local bearing pressure exceeds 3 G Pa. 

[0029) Here, In the case the surface carbon density of the carburlzed layer is less than 0.6%, hardness can similarly 
not be secured, and conversely If the surface carbon density exceeds 1 .5%, there is increased susceptibility to precip- 
itation of M 3 C-type carbide that grows in a reticular form having a mean particle size in excess of 3 ujn, thereby making 
this undesirable. In addition, in the case the carbon density at the depth location of maximum shearing stress caused 
by rolling contact is less than 0.5%, the carbide surface area ratio (rate) at this depth location (or surface area ratio of 
he precipitated carbide at the location of a depth of 0.1 mm, as discussed after) is unable to reach 0.3%, thereby falling 
o improve cold hardness or temper hardness and preventing the obtaining of adequate pitting strength and rolling 
fatigue strength. Furthermore, there are no particular restrictions on the carburization treatment method and although 
methods such as solid carburization, liquid carburizatlon or gas carburization can be used. * is preferable to employ 
vacuum carburizatlon or plasma carburization If possible. 

f0O3O) Although the Cr in the raw material steel In the present invention Is an essential alloy component that forms 
carbide, and particularly M 23 C 6 -type carbide, as is previously mentioned, its amount added is preferably about 1 2- 
3.2 /o from the viewpoint of ensuring its action while avoiding increases in cost and decreased cutting ease. Although 
?J S f • SlnCe addlti ° n slrnultaneous to Cr a,,c>ws stable precipitation of M 23 C 6 -type carbide, if the amount of Mo 
added is less than 0.25%, stable precipitation of M^Cg-type carbide cannot be expected, and if the amount added 
exceeds 2%, cutting ease tends to decrease. 

[0031) in the production process of a high bearing pressure -resistant member of the present invention, since con- 
ditions are used such that the ratio (T oVTc) of diffusion temperature Td (<>C) following carburization to carburization tem- 
perature Tc <*C) when carburization treatment is performed by vacuum carburization or plasma carburization Is within 
the range of from 1 .05 to 1.25, reticular carbide precipitated at the grain boundary during carburization disappears eas- 
ily. It will be understood that diffusion of carbon is accomplished at the diffusion temperature, while carburization is 
accomplished at the carburization temperature. At this time, in the case the ratio of Td/Tc does not reach 1.05, it 
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o« carbunzaton. preoption o, reticuiar cara.de is prevented by 2J!E2j££^ " 

Cr and 0.<M .5% carbon a! a te™eratu Sl^Et* ^ ^P 036 " °"™ehanical structural steel containing 
tion. fol.owed by Srform^ 

of n.l rewlrlnj ■ crbuftsten aep I"* 5 "" 9 •»«» 3 GP». <** also realizing Im proooalon coat as a reauK 

EMEPPIMFNTS - - - - 

<* [0037J The following provides a detallecf explanation of the present invention based on its embodiments. 
Embodiment 1 
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S3. ^££&^TT° T*? ^ " 1 <diameter °" larae ^terportion 0, - 
diamet^ portion L2 - S 2 ? Z ^ T ' d,ame,er °' s ™» <*a«™»ter portion D2 = 24 mm and length of small 

(diameter dTL o0 mm iSHS Tr^T * , * ^ ^ testin 9 88 sh ™ 2 

shown in Table Z «e ! = > ere ° Ut ° Ut U8ing mechalli «l structural steel of each of the compositions 
tempenl ^ordili , 2? P * rf ° rmm9 ca * uri2a * io " or carbonitriding. cacbide precipitation treatment. quenX and 
ishedZ 1°' tHe conditions 5h0W " m Figs- 3A through 6N. the surface of each test piSfwas «n 

•shed by gnnding. Plasma carburi 2 ation was used for the camurteation method at this time P 



BP 1 070 760 A2 



Table 1 



lype oi oieei 




Chemical Composition (wt%) 


T 






Si 


Mn 


S 


Ni 


Cr 


Mo 


V 


O 




A 


U.ZU 


1.00 


0.30 


0.005 


2.0 


1.50 


1.50 


0.19 


Max. 1 2 ppm 


1032.5 


Q 
D 


0.24 


1.01 


0.35 


0.004 


1.9 


1.95 


0.95 


0.20 


Max. 1 2 ppm 


927.65 




0.20 


1.05 


0.32 


0.003 


2.0 


2.55 


0.78 


0.21 


Max. 12 ppm 


907.2 


U 


0.18 


1.03 


0.39 


0.003 


2.1 


2.10 


0.70 


0.00 


Max. 12 ppm 


955.4 


t 


0.20 


1.00 


0.35 


0.005 


2.2 


2.00 


0.29 


0.18 


Max. 1 2 ppm 


785.95 


r 


. 0.19 


1.02 


0.40 


0.004 


1.1 


2.00 


0.69 


0.19 


Max. 12 ppm 


900.05 


G 


0.30 


0.49 


0.31 


0.009 


2.0 


1.95 


0.70 


0.20 


Max. 12 ppm 


808.8 


H 


0.22 


0.20 


0.65 


0.006 


0.01 


1.50 


0.25 


0.00 


Max. 12 ppm 


797.48 


I 


0.19 


0.22 


0.70 


0.003 


1.8 


0.50 


0.20 


0.00 


Max. 12 ppm 


710.8 


J 


0.18 


1.01 


0.29 


0.005 


2.0 


0.00 


0.03 


0.00 


Max. 12 ppm 


748.65 


K i 


0.20 


1.00 


0.30 


0.004 


1.9 


0.00 


0.70 


0.00 


Max. 12 ppm 


894.2 


L 


1.00 


1.00 


0.30 


0.003 


2.0 


1.50 


1.50 


0.19 


Max. 12 ppm 


1032.5 


M 


1.30 


. 1.01 


0.35 


0.004 


1.9 


1.95 


0.95 


0.20 


Max. 12 ppm 


927.65 


M 


1 .50 


0.49 


0.31 


0.003 


2.0 


1.95 


0.70 


0.20 


Max. 12 ppm 


808.8 


O 


0.80 


0.50 


0.31 


0.005 


2.1 


2.10 


1.60 


0.19 


Max. 12 ppm 


1009.3 


P 


0.60 


1.03 


0.39 


0.005 


2.1 


2.10 


1.20 


0.00 


Max. 12 ppm 


1062.9 


Q 


0.40 


1.00 


0.35 


0.006 


2.0 


2.00 


1.50 


0.20 


Max. 12 ppm 


1043.5 


R 


1.80 


1.10 


0.40 


0.003 


1.9 


2.10 


1.40 


0.20 


Max. 12 ppm 


1 039.7 


S 


0.25 


1.00 


0.40 


0.003 


2 


1.20 


2.00 


0.00 


Max. 12 ppm 


1207 


T 


0.20 


1.10 


0.30 


0.004 


1.8 


3.20 


1.60 


0.00 


Max. 12 ppm 


1198.4 


V 


0.22 


0.50 


0.40 


0.003 


2 


0.50 


0.10 


0.00 


Max. 12 ppm 


717.5 


w 


0.20 


1.00 


0.30 


0.015 


2 


1.50 


1.50 


0.20 


Max. 12 ppm 


1 028.5 



•Note) 

T » 675 + 1 20 • Si(%) - 27 - Ni(%) + 30 • Cr(%) + 215- Mo(%) - 400 • V(%) 



[0039] As shown In Rg. 1 , a rolling pitting test was conducted under the conditions shown in Table 2 by combining 
small roller test piece 1 and disk-shaped partner material 2 (diameter D3 = 1 30 mm, thickness t1 = 1 8 mm) to determine 
roller pitting time or the number of repetitions or rotations (times) until pitting occurred. 



Table 2 



Tester 


Roller pitting tester 


Bearing pressure 


3.2 GPa 


Slip ratio 


-40% 


Rotating speed 


1500 rpm 


Lubricating oil 


Transmission oil 


Oil temperature 


100°C 
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is 



Tester 


Roller pitting tester 


Partner material 


SUJ2, quenched, tempered 


Note) '■' r— 

a) Roller pitting tester was produced by Komatsu Engineering Corp. 

b) *SUJ2" was high carbon chromium bearing steel according to JIS G 4805 

c) Slip ratio was a difference (%) of a rotational speed of the roller test piece 1 to that of the disk- 
shaped partner material 2. 



[0040J In addition, with respect to the rolling fatigue test disk-shaoed tP* ni^« n „H tH~>« ^ 

life (L50) of.disk-shaped test piece 3 was determined as follows: Five rolling fatlque tests ware rprw»t«d to nh»^! ! . 

ISSSTT' r"^ °' lUm,n9 °' three "«*— 5 a,0 "9 me °< 2SSS « 5S Tat a 2, * an 

2 °lf eB t n k 9 u "*^ »™ .conditions shown In Table 3. Then Ave test results were atoned on a S 



20 



25 



Table 3 
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Tester 


Thrust-type rolling fatigue tester 


Bearing pressure 


5.23 G Pa 


Max. shearing stress depth 


Location at 0.1 mm from surface 


Rotating speed 


2000 rpm 


Lubricating oil 


Transmission oil 


Oil temperature 


150°C 


Partner steel spheres 


SLU2, 3/B-inch diameter, 3 spheres 


Note) ~ — 

Thrust-type rolling fatigue tester was produced by Japan Tobacco 
Inc. 



^zer. ' • - prec,Rllated ca * ide at » he second cross-section were measured using an Image ana- 

[0042] Cuttings from the uppermost surface of the test piece to a depth of 0. 1mm were samoied «nd r-**> nn 

' , aansnies O' carbon and nitrogen at the above-mentioned second cross-section located »i a do„th „i n < 
mm were also measured by using emission spectrochemteal analysis * 8 d6p,h °' ° >1 

Z^rL. JSh? ? l ° 9e,her WUh mea8Uri "9 lhe distribution of hardness using a Vfckefs hardness tester the test 
o?e=Ce^ 

[0044J These results are shown in Tables 4 and 5. 
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Table 4 



Classification 


Type of 


Heat treat- 
mem con- 
ditions 


Surface 
carbon 
density 
(wt%) 


Carbon 
density at 
0. 1 mm 
(wt%) 


Nitrogen 
density at 
0.1 mm 
(wt%) 


Precipitate 
structure 


Prec. mean 
particle size 
(jim) 


Examples 
of the 


1 


A 


Fig. 3A 


1.0 " 


0.9 




^23^6 


0.18 


Invention 




B 


Fig. 3A 


1.1 


1.0 


- 




0.21 




o 


C 


Fig. 3A 


i.O 


0.9 


- 


M23C6 


0.22 




4 


D 


Fig. 3C 


1.4 


1.2 


- 


M23C5+ 
M3C 


0.28 




5 


| E 


Fig.3A 


1.0 


0.9 


- 


MgaCg 


0.19 




6 


F 


Fig.3B 


1.1 


1.0 


— 


^23^6 


0.25 




7 


G 


Rg.3A 


1.0 


0.9 


— 




0.23 




8 


A 


Rg.4E 


1.0 


0.9 


— 


M23C0 


0.21 




9 


A 


Fig.4F 


1.0 


0.9 


— 


M23Cg 


0.2 




10 


L 


Fig.5H 


1.0 


1.0 




M23C6 


0.15 




11 


M 


Rg.5H 


1.3 


1.3 




M 23 C 6 


0.17 




12 


N 


Rg.SH 


1.5 


1.5 


— 


M 23 C6+ 
M 3 C 


0.85 




13 


O 


Rg.5l 


0.8 


0.8 




M 2 3C 6 


0.22 




14 


P 


Fig.5J 


0.6 


0.6 


- 


^23^0 


0.16 




15 


L 


Rg.5K 


1.0 


1.0 


- 


M 23 C 6 


0.15 




16 


S 


Rg.3A 


1.0 


0.9 


- 


M23C5 


0.19 




17 


T 


Rg.3A 


1.0 


0.9 


— 


M23C6 


0.12 




18 


A 


Rg.6l 


1 


0.9 


— 


M23C6 


0.15 




19 


E 


Rg.6M 


0.9 


0.8 


— 


M 23 C 6 


0.1 




20 


F 


Rg.6N 


1 


0.9 . 


0.3 


M23 C 6 


0.18 




21 


Q 


Rg.SH 


0.4 


0.4 




M23C 6 


0.19 




22 


v 


ny.oA 


i .u 






^23^6 


0.15 


Compara- 
tive Exam- 


1 


.A. 


Fig.3D 


♦1.8 ' 


1.5 




M 3 C 


3.94 


ples 


2 


. H 


Fig.3C 


1.4 


1.2 




M 3 C 


3.54 




3 


I 


Fig.3C 


1.4 


1.2 




M3C 


3.45 




4 


J 


Rg.3A 


1.0 


0.9 




M 3 C 


3.44 




5 


K 


Fig.3A 


1.0 


0.9 




M 3 C 


3.23 




6 


A 


Fig.4G 


1.0 


0.9 










7 


R 


Fig.5H 


1.8 


0.8 




M 3 C 


3.78 




8 


W 


Rg.3A 


1.0 


0.9 




M 2 3C 6 


0.17 
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Table 5 



15 



20 



25 



30 



45 



50 



Classification 


I Type of Stee 


>» Preclpltatf 
surface 
area ratio a 
0.1 mm (% 


* 1 Hardness a 
. 0.1 mm (HV 

t 

) I 


t I 300°C x hr 

* 1 w A O III 

) temper hard 
nessatO.1 

1 mm /ti \ /\ 

I mm (nv) 


• I i nrust test 
fife (L50) 
(times) 


j Roller pitting life 
I (times) 


the Inventlor 


i i 

> 7 


) A 


10.5 


1 821 


| ^54 


9.1 X10 7 


Surpassed 10 7 




I 

1 1 


J B 


6.9 


i fl10 

1 O 1 17 


| 746 


8.9 xlO 7 


I Surpassed 10 7 




i o 
1 A 


C 


3.4 


1 AOC 


1 750 


8.7 X10 7 


j Surpassed 10 7 




1 *? 
1 d 


I D 


15.8 




J 742 


8.8 X10 7 


Surpassed 10 7 




1 

1 C 


I E 


7.3 


1 A1 A 


1 739 


8.9 X10 7 


I Surpassed 10 7 




1 

1 f 


J F 


17.7 


I Oil 


j 733 


I 9.0 X10 7 


I Surpassed 10 7 




J / 


J G 
I A 


12.1 




1 748 


8.9 X10 7 


Surpassed 10 7 




I ^ 




25.8 


I ft/1 1 
I B41 


1 764 


j 9.8 X10 7 


Surpassed 10 7 




1 ^ 


I A 


i 0 5 




j 755 . 


I 8.8 X10 7 


I Surpassed 10 7 




10 


I L 


S 1 2.5 




j 745 


j 8.9 x10 7 


j Surpassed 10 7 




11 


I M 


I • 25 7 


829 


1 772 


9.5 x10 7 


Surpassed 10 7 




1 


i n 


I ft 1 

* 


786 


| 718 


| 7.2 X10 7 


Surpassed 10 7 




1 ^ 


0 


9.8 


1 795 


733 


9.1 x 10 7 


I Surpassed 10 7 






p 


7.8 


778 


714 , 


8.4 X10 7 


[ Surpassed 10 7 




15 


L 




821 ] 


732 I 


9.2 x 10 7 


Surpassed 10 7 




16 


s j 




815 \ 


752 


9.7 X10 7 


Surpassed 10 7 




17 I 


T J 


Ifi Q 1 


811 j 


746 ' I 


9.2 X10 7 


Surpassed 10 7 




18 I 


A I 


20.5 1 


old I 


756 j 


9.8 X10 7 1 


Surpassed 10 7 




19 


• E j 


19.8 I 


DU7 J 


749 | 


9.7 X10 7 


Surpassed 10 7 




20 


F 


2.4 


7QQ | 


737 I 


9.8 X10 7 j 


Surpassed 10 7 




21 
22 


Q I 

V 


0.1 I 
0.1 


7jO 1 
f j 

721 


681 | 
676 


5.5 X10 7 


Surpassed 10 7 


omparative 1 
Examples r 


1 


A 


11.1 


743 j 


703 I 


4.2 X10 7 j 
3.4 x 10 7 j 


6.1xl0 6 
5.4x10 6 




2 


H 


7.8 


- 725 ! 


673 


1.1 X10 7 


1.4x10 6 




3 I 


* I 


8.2. 


731 


671 


1.2 X10 7 


1.5X10 6 




4 


J 


4.9 


715 I 


655 


1.6X10 7 J 


>8xl0 6 




5 


K 


5.1 j 


709 


649 


1.5 X10 7 ' t 


>.9x10 e 




6 


A 




759 


701 


4.2 X10 7 { 


5.2x1 0 6 




7 f 


R | 


8.2 j 


785 


690 


1.9 x 10 7 2 


!.2x10 6 


Note) 


8 | 


W 


19.5 


814 


739 


6.2 x10 7 ' S 


iurpassed 10 7 



Internal origin separation starting at inclusions occurred, 
the surface carbon SnST^^LSS ^T" 8 T?'™"™ °" ,he C ™" ent steel so ,ha < 
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austenite region temperature of 850 W C, quenching and tempering were performed. As a result, microscopic M^Cg-type 
carbide having a mean particie size of 0.3 um or less was precipitated at a surface area ratio of about several percent 
to 30%, thereby resulting in a member having improved cold hardness and excellent hardness after tempering treat- 
ment for 3 hours at 300°C (temper softness resistance), which was confirmed to drastically Improve pitting life and roll- 
ing fatigue life. 

[0046] Furthermore, under the heat treatment conditions shown in Fig. 3C, there was no carbide precipitation step 
observed in which the temperature is temporarily held at a low temperature following carburization treatment in com- 
parison with other heat treatment conditions. However, in invention example 4, since the steel type of symbol D shown 
in Table 1 was used for the raw material steel, upper limit temperature T for carbide precipitation as calculated from 
equation T was high at 955.5°C. Consequently. M^CVtype carbide (with some M 3 C-type carbide) was finely precipi- 
tated during the time the temperature was held at the austenite temperature of B50°C for quenching following comple- 
tion of carburization treatment, allowing the obtaining of excellent cold hardness and temper softening resistance as 
well as satisfactory pitting life and rolling fatigue life. In other words, in the heat treatment in invention example 4, the 
carbide precipitation step during which the temperature is held at a temperature having for its upper limit temperature 
T was performed while overlapping with the quenching temperature of 850°C. 

[O047] In addition, in invention example 8, by extending the duration of the carbide precipitation step to 5 hours, car- 
bide was precipitated until equilibrium (maximum), and since the duration of the subsequent holding at the austenite 
region temperature (850°C) was relatively short at only 30 minutes, the return to solid solution of the carbide was inhib- 
ited, thereby increasing the surface area ratio of M^Ce-type carbide, improving hardness and resulting in long life. In 
invention example 9, since the carbide precipitation step was conducted for 30 minutes at 650°C and the holding time 
was shortened, the surface area ratio of M^Cg-type carbide was observed to be lowerthan that of invention example 8. 
[O048J In invention example 1 0, after performing carbide precipitation treatment for 5 hours at 650°C on steel hav- 
ing a base metal (matrix) C content of 1.0%, precipitating carbide to the equilibrium state (maximum), holding the tem- 
perature at the austenite region temperature of B50°C for 30 minutes, performing quenching and then tempering, return 
of the precipitated carbide to solid solution was inhibited to increase the surface area ratio of M^C^-type carbide, 
improve hardness and extend the life. In addition, in Invention example 1 1 on which similar heat treatment was per- 
formed on steel having a base metal (matrix) C content of 1 .3%, since the amount of C of the base metal is greater than 
invention example 1 0, the surface area ratio of M 23 C 6 -type carbide increased, both cold hardness and temper hardness 
improved and the life was extended. Moreover, in invention example 12 on which similar heat treatment was performed 
on steel having a base metal (matrix) C content of 1.5%, although some M 3 C-type carbide was precipitated causing a 
decrease In the surface area ratio of M^Cg-type carbide, since a structure was obtained In which microscopic M^Ce- 
type carbide was precipitated, the life was confirmed to be longer than the comparative examples described later. 
[O049J In addition, in invention example 1 3, in which carbide precipitation treatment for 30 minutes at 750°C, which 
correspond to a higher temperature and shorter duration than invention example 1 0, was performed on steel having a 
base metal (matrix) C content of 0.8%, followed by precipitation of carbide to the equilibrium state (maximum) and sim- 
ilarly quenching and tempering, since the base metal (matrix) C content is lower than invention example 1 0, the surface 
area ratio of M^Cg-type carbide resulting in decreases in cold hardness and temper hardness. However, the structure 
contained precipitates of microscopic M 23 C 6 -type carbide, the life was longer than that of the comparative examples. In 
invention example 14, in which heat treatment was performed for 30 minutes at 850°C on steel having a base metal 
(matrix)- C content of 0.6% while holding the temperature at the austenite region during carbide precipitation treatment, 
although the surface area ratio of M^Gg-type carbide was lower than invention example 10 resulting in lower cold hard- 
ness and temper hardness due to the lower content of base metal (matrix) C, since a structure was obtained in which 
microscopic M^Cg-type carbide is precipitated, life was confirmed to similarly be longer in comparison with the com- 
- parative examples. 

[0050] Moreover, in invention example 15. after performing carbide precipitation treatment for 5 hours at 650°C on 
steel having a base metal (matrix) C content of 1 .0% and precipitating carbide to an equilibrium state (maximum) in the 
same manner as invention example 10 followed by heating for 8 seconds at a constant output of 200 kW and constant 
frequency of 10 kHz using a high-frequency heater, the structure was quenched in oil at 60°C. As a result, a structure 
similar to invention example 1 0 was obtained and was demonstrated to have long life. Furthermore, since heating and 
holding times are shortened considerably when high-frequency quenching is applied, heat treatment cost can be further 
reduced in comparison with invention example 10 in which carburization treatment is not performed. 
|O051 J With respect to the test pieces (high bearing pressure members) pertaining to invention examples 16 and 
17, after performing carburization treatment on Cr-containing steel so that the surface carbon density was within the 
prescribed range of 0.6-1.5% and carbon density at the location of the depth of maximum shearing stress (the location 
of 0. 1 mm beneath the surface) was 0.5% or more, carbide was precipitated by holding at the temperature having for 
its upper limit temperature T (°C) calculated based on equation T. After additionally holding at the austenite region tem- 
perature of 850°C. quenching and tempering treatment were performed. As a result, microscope M 23 C 6 -type carbide 
having a mean particle size of 0.3 urn or less was precipitated al surface area ratios of 16% and 29%. Since this 



11 



EP 1 070 760 A2 



S^iK^CST - 6xce,,em temper S0ften,n9 restetance - plMng ,ite Bnd ro,,in9 ,a,lgue we were 

SSSi «r i"? n, U )n eXamp,e in Wh ' Ch cart5Url2a,lon was perfonmed under conditions such that the ratio 

(Td/Tc) of dWuslon temperature Td ('C) to carburtzation temperature Tc (<»C) was 1.1 followed by temporarily moving 

£££ c? Z ,0 ? sub S cted to . 9as coonn9 (coo,lng ra,e: 80 ° c/m,n - ) ' sl " ce 9ra,n bo ^ 

? I" 9 n 8 StmCtUre "~ ° btainet ' ln which M »C 6 -type carbide was finely dispersed, sta- 

trLaS SS! 1 9 te K 9 ^ S,re " 9th WWe ° bta,ned - ,n lnvenli0 " axam P |a a** performing carburtzation 

S2S r ^ SU *J h3t Td/TC ^ W8S MB ,Ol,0Wed b * « uenchIn 9 °» - 60-C (cooBng rate: 

ro Ze o?mT,otoZTJ:2: a T e ""I I"*" 81 650 ° C ' ^ temDeratUre rabed to the aus,a "« a »*>» temper 
o7t^^r°Z„ * q T C ^ n . 9 and tearing. As a result, a structure was obtained that was similar to the case 

sZott and SEE f 6 I" 1 Wh,Ch Cart>urization aad di «<*'°" were followed by gas coofing. and stable pitting 
strength and rolling fatigue strength were similarly obtained s 

na^Ln^S-H'" ^ 8 ? mple 2 °' «*"*«»■ was performed by introducing ammonia gas into the fur- 
« pX wen? 2SSK?' T f*' temporar "y aua " chln 9 ■» °» "« 60-0.. precipitation treaLent. quenching and tern- 
22 k ^ parfo " 7,8d ln a sMar ma "" e '-- As a result, it was demonstrated that there was slmllarty no predoitationof 

dS^ed JZ'CT^T 00 r0inn9 8UrfaCe ' 9 is obta,nad M^C^cartTo^ fwas flne? 

SET* r ? 18 pW,n9 8tr9n9th and ro,,ln9 ta,, 9 ue s,ranflth are obtained. * 

same m a „nerrr„!° n r amP,e ^ 8lnC8 Ca * Wa P"^**"™ treatment was performed for 5 hours at 650-C in the 
» in Tn eTuibr Jn" ESS? T"t". ? '"T* ^ 8 b88e metal < ma,rix > C °< ••«% to predpSe camSe 

oueS^rj^ h ( r } ' 0 " 0Wed * h0,din9 for 30 minutes at *• austenfte region temperature of 850'C 
quenching and tempering. M 23 C 6 -type carbide was precipitated. The surface carbon denVtty was less than o at nnH 
the carbon density at the location of the depth of maximum shearing sbess w^ less than 0 5% Z cSde "!£f2 

ZXS^ZSST" tnat pmn ° strenst * and ro,,in9 ,aa9Ue 8,ren9th s,,9ht * — d - ^ 525 

E?« h" C ^ tra8t ' ,n °° mparative exam P' e since carburtzation treatment was performed for the lone time of 12 
a result, precipitation of M&Ce-type carbide was inhibited, the carbide surface area ratio h«^«h 

1 tJ5T Id 2 ^ abWe t8mperatUre T f0r P-^ltating carbide^ cateu^d accoSng^o equa- 

Z J L t T: Z as members, there was no carbide precipitation step, and MgC-type carbide was onlv Drectei- 

ha^rL > "I**,™* 0 °' SeVera ' Percent Coa ^q"e"% 't was not possible to thieve ,m^ 
SZn f ^"T^^^^^^i^^^^rVfc*!^ ^P™^ 6 " 1 In cold 

R^?A In H 17 * eXamP ' eS 4 8nd 5l alth0U9h heat treatmant was performed under the conditions shown in 
Rg. 3A in the same manner as invent on example 1 since steel tvost i and k «,hw. w„ „ . ° , ™' ons snown in 

' tKLw compa ^ lve exam P' e 6 - a, though a large amount of carbide was precipitated by makina the duration of 

£o^L P %%T n 8180 '° n9 81 5 h0UtS - S,nce tlme durin9 whteh ,he temperature was he.dTt the aSeST eoion 
temperature (850»C) was extended to 3 hours, the carbide that was precipitated in the carbide "rpr^ . ? i, " 

nefon «,» J h T V" m8 0888 ° f com P aratlv e sample 7 In which heat treatment was performed in the same man- 
ner on steel having a base metal (matrix) C content of 1.8%. since the base metal (matrix) C coTent JT C ~Z i ^ 

2Z££± ™* ' hat th8 Cart>ide SUrface area ra «° decreased . cow hardness Ind'tempe^ ^rdness 

ss £2£ m 8deqUate P " ,in9 8,reng,h and rollin 9 ,a,i 9 ua "WnS" were unable to be obtained 

nrSnhv ^°' e ° Ver> com Parative example 8, in which steel having a high S content was used there was a hioher 
tel JL ««*7«».ol interna, origin separation starting at MnS-based inclusions in tnrus -typ^Za fa foue 
S? P r em ' n9 th8 ° blainin9 °' S ' ab,e r °" in9 ,a,i9ua ^rength. .n the case of surface o iglS separation Xe 
that in the roller pWing test, these inclusions had little effect and adequate pitting strength was abte oZtat 
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Embodiments 

[0061) Forging followed by rough machining were performed on steels A, D, E, H and L of the 22 types of steels 
shown in Table 1 so as to shape input and output discs 13. 14 and inner and outer rings 16 and 17 of power roller 15 

5 for the toroidal continuously variable transmission as shown In Fig. 7 and Fig. 8A and 8B. Thereafter, heat treatment 
was performed the forged and roughly machined steels under the conditions shown in Figs. 3A through 6N. Shot-peen- 
ing was performed at the rectangular portion of the inner diameter hole at the apex of the disks (portion F In Fig. 8B) 
and at the rectangular portion of the inner diameter hole in the bearing groove of power roller inner ring 16 (portion O 
in Fig. 8A) together with grinding ultra-finishing at those portions other than the sites at which shot-peening was per- 

io formed. 

[0062J Next, these input and output discs 13 and 14 along with Inner and outer rings 16 and 17 of power roller 15 
were combined, and an endurance test was performed using the toroidal continuously variable transmission box shown 
in Fig. 7 to evaluate the bending fatigue strength of discs 1 3 and 1 4 and power roller inner ring 1 6 according to the serv- 
ice life (bending fatigue life) until separation or cracking was made. Additionally, the rolling fatigue life of discs 13 and 

is 1 4 and power roller inner ring 1 6 was derived from the test results of the above-discussed rolling fatigue test. 

[0063] As a result, as shown in Table 6, the rolling elements according to invention examples 23, 24, 25 and 26 
(these respectively coincide with the combinations of steel types and heat treatment conditions of invention examples 
1, 4, 10 and 19 in Embodiment 1) had a structure in which M 23 C r type carbide was precipitated. Consequently, since 
the temper hardness at the rolling contact surface is high, there is resistance to plastic deformation even at high contact 

20 bearing pressures. In addition, since there is high temper hardness even at the location of the depth of maximum shear- 
ing stress, there Is little susceptibility to the occurrence of structural changes caused by rolling fatigue, thereby resulting 
In long life. 

[0064] On the other hand, in the rolling elements pertaining to comparative examples 9 and 1 0 (these coincide with 
the combinations of steel types and heat treatment conditions of comparative examples 1 and 2 in Embodiment 1),since 
?s M 23 C 6 -type carbide is not precipitated, there is increased susceptibility to plastic deformation at high contact bearing 
pressures, and separation was confirmed to occur easily. 
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Table 6 





Classi- 
ficatior 

Inven- 


Type of 
\ Steel 


1 Heat 
J Treat - 
j ment 
i vonm- 
1 tions 


1 Site 


j Shot- 
I peening 


! Endurance test 
Rolling I Bending 
fatigue fatigue 
life life 


tion ex, 

23 
( Inven- 
tion ex. 
1) 
Inven- 


A 


Fig. 3A 


A 
B 
C 
D 

1 ^ 
I F 


NO 
No 
No 
Yes 
No 

1 Yes 


® 
® 

®. 

® 


o 

j o 


tion ex. 

24 
(Inven- 
tion ex. 

4) 

Inven- 


D 

IT" 


Fig. 3C 

1 / 


j A 
B 
C 
D 
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Embodiment 3 

[0065] . After performing iathe turning and gear cutting using steels A, D, E, H and I shown in Table 1 In the same 
manner as Embodiment 2, heat treatment was performed on each steel by combining with the same conditions as 
Embodiment 2 followed by shot-peenlng and grinding to obtain the gears having the specifications shown In Table 7. 



Table 7 



Type of test gear 


Spiral bevel gear 


Module 


3.87 


Pressure angle 


17.5° 


Number of teeth 


. 21 


Spiral angle 




Standard pitch circle 


84.1 mm 



[0066J An anti-pltting test was then performed using a power circulating type of gear pitting tester based on the con- 
ditions of a Hertz bearing pressure at the gear pitting point of 2.0 GPa, test gear rotating speed of 1000 rpm, automatic 
transmission fluid (ATF) for the oil type and an oil temperature of 120°C. Pitting life was evaluated in terms of the total 
number of rotations until the surface area of separation caused by pitting that occurred on the tooth surfaces of the test 
gear reached a surface area equivalent to 3% of the effective meshing surface area of the entire gear. 
[0067] As shown in TBble 8, in the gears produced by Invention examples 27, .28, 29 and 30 (equivalent to the com- 
binations of invention examples 1, 4, 10 and 19 in Embodiment 1), since M 23 C 6 -type carbide was finely dispersed and 
high hardness was maintained even after tempering, pitting life improved considerably. On the other hand, in the case 
of the gears produced according to comparative examples 11 and 1 2 (equivalent to the combinations of comparative 
examples 1 and 2 in Embodiment 1), since the structure did not contain precipitation of M 23 C 6 -type carbide, temper 
hardness was low and pitting occurred easily. 



Table 8 



Classification 


Type of Steel 


Heat Treatment 


Arc Height (mm) 


Pitting Life 


Invention example 25 (Invention 
example 1) 


A 


Fig. 3A 


1.1 


Surpassed 1x10 7 times 


Invention example 26 (Invention 
example 4) 


D 


Fig. 3C 


0.95 


Surpassed 1x10 7 times 


Invention example 27 (Invention 
example 10) 


L 


Fig. 5H 


1.02 


Surpassed 1x10 7 times 


Invention example 28 (Invention 
example 19) 


- E- 


Fig. 6M 


1.08 


Surpassed 1 x1 0 7 times 


Comparative example 13 
(Cbmp. example 1) 


A 


Fig. 30 


0.98 


5.7x1 0 6 times 


Comparative example 14 
(Comp. Example 2) 


H 


Rg. 3C 


1.1 


1.5x10 6 times 


Note) 

Arc height indicates intensity of shot-peening and corresponds to height of warp of thin sheet under shot-peening. 



[0068] Next, second mode of the high bearing pressure-resistant member according to the present invention will be 
discussed with reference to Figs. 1 and 2, and Figs. 7 through 10G. 

[0069] As is previously described, a high bearing pressure-resistant member such as a toroidal continuously vari- 
able transmission in the form of disk and power roller makes rolling contact under a harsh environment of high speed 
and high temperature while being subjected to a heavy load. This environment is becoming increasing harsh accompa- 
nying reduced size and higher capacities of transmissions and power transfer units using such high bearing pressure 
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45 



30 



members. As a result, the rolling portions of these members (for example, the traction surfaces and bearing grooves in 
the case of discs and power rollers) are required to be resistant to the internal origin separation caused by rolling fatigue 
as well as high rolling fatigue strength. 

[0070J In the case of performing ordinary carburlzation or carbonitrlding on such a high bearing pressure member, 
s the base material (matrix) takes on a martensite or balnlte structure and there is hardly any carbide present In contrast* 
when the base material (matrix) of the high bearing pressure-resistant member includes a martensite and/or bainae* 
structure and contains microscopic carbide having a mean particle size of 3 or less is dispersed and precipitated In 
the form of spheres or pseudo-spheres in this base material, room temperature hardness of the high bearing pressure- 
resistant member increases, reductions in hardness under high temperatures of the same are inhibited and internal ort- 
io gin rolling fatigue life of the same is improved. Moreover, ft is preferable that the high bearing pressure-resistant mem- 
ber includes a biphasic structure provided with a first phase composed of martensite and/or bainite that is substantially 
free of carbide, and a second phase in which microscopic carbide is dispersed and precipitated in the form of spheres 
or pseudo-spheres in the manner described above in the base material (matrix) having a martensite and/or bainite 
structure. As a result, the high bearing pressure-resistant member has both higher rolling fatigue strength and bending 
is fatigue strength than a case where carbide are uniformly precipitated throughout the entire region. However, In the case 
the mean particle size of the carbide in the second phase region exceeds 3 urn or the carbide is precipitated Inreticular 
form Instead of in the form of spheres or pseudo-spheres, although room temperature hardness and high-temperature 
softening resistance are Improved, the action of improving rolling fatigue life decreases because the precipitated car- 
bide acts as a source of stress concentration resulting in Increased susceptibility of the formation of crack starting points 
so and propagation routes. 

[0071] MsjCe-type carbide containing Cr is more preferable than MaC-type carbide for use as the carbide at this 
time since it tends to be stable even during rolling fatigue at high temperatures, inhibit decreases in hardness, and 
improve rolling fatigue life by delaying changes in the internal structure. 

[0072J In addition, it is also preferable that the surface area ratio of the above carbide in the second phase region 
be within the range of 0.3-30% relative to the total area of the first and second phase region. Namely, in the case the 
surface area ratio of carbide in the second phase region is less than 0.3%, inhibition 6f high-temperature softening and 
the action of delaying structural changes are inadequately obtained. Conversely, in the case the surface area ratio 
exceeds 30%, decreases in alloy elements and carbon density in the base material (matrix) are made and therefore 
invite decreased hardness of the base material, thereby tending to prevent adequate improvement of rolling fatigue life 
[0073] Moreover, ft Is preferable that the S content be 0.01% or less. If this Is done, although MnS-based Inclusions 
are reduced and machinability decreases, a stable, long service life Is obtained. If the amount of S exceeds 0.01% 
although MnS-based Inclusions facilitate cutting, the probability of the occurrence of Internal origin separation starting 
at MnS-based inclusions under rolling contact Increases, making It difficult to obtain a stable service fife. 
[0074] m the high bearing pressure- resistant member of the present invention, since the amount of nitrogen solid 
solution in Its surface (after final grinding) is within a range of from 0.01 to 0.5%, and solid solutions of nitrogen have 
the effect of spreading Acm fines into high carbon regions, the precipitation of reticular carbide is prevented by adding 
at 0.01 % or more. However, if the amount of nitrogen solid solution exceeds 0.5%, the amount of nitrogen solid solution 
in the matrix increases and tends to decrease the amount of precipitation of M 23 C 6 -type carbide. 
[0075] In the high bearing pressure-resistant member of the present invention, since the surface carbon density at 
the site subjected to rolling fatigue caused by rolling contact is within a range of from 0.6 to 1.5%. a high degree of 
strength is maintained and fatigue strength Is improved, in the case the carbon density at this time-is less than 0.6% 
since the carbide surface area ratio in .the second phase cannot be secured, hardness can no longer be maintained 
Conversely, if the surface carbon density exceeds 1 .5%, there is greater susceptibility to precipitation of M 3 C-type car- 
bide, and this tends to grow In reticular form at a mean particle size in excess of 3 um. 

[0076] The high bearing pressure-resistant member of the present invention is suitably applied In the rolling ele- 
ments of a toroidal continuously variable transmission, namely the discs or power rollers of a toroidal continuously var- 
iable transmission, and contributes to reduced size, increased capacity and extension of service life of the toroidal 
continuously variable transmission. 

[0077] As is previously described, both rolling fatigue strength and bending fatigue strength is preferable to be real- 
zed in the discs and power rollers of toroidal continuously variable transmissions. Moreover, those demand character- 
sties are not necessarily uniform, and each differ depending on the site of each rolling element. This will be discussed 
In detail with reference to Figs. 7, BA and 83. 

[0078] Namely, with respect to those sites subjected to rolling fatigue caused by a repetitive load of shearing stress 
as in the traction surface of input and output discs (portion E in Fig. 8B), the traction surface of power rollers (portion A 
m Rg. 8A) and bearing grooves (portions B and C in Rg. 8A), it is preferable that the surface area ratio of the second 
phase in which carbide is finely dispersed and precipitated be 3% or more, and more preferably 50% or more at least 
in the surface portion at that site down to the depth of occurrence of maximum shearing stress. As a result, the internal 
origin rolling fatigue strength is improved and rolling fatigue life is extended. Moreover, it is preferable that the carbon 
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T^VuZZ^l 1 me ab r' men,,0ned S,te S ' nCe tWS M ,n adeauate P'«'"9 ^"9* and rolling fatigue 
a^ea ml a,T e r a « Dn n,*^ 1 ^ * ' eSS man 0 5% ' " is not P° ssiWe * ^cure carbide surface 

= ma^^ — — * ro.,,g contact, and «. 

21 toT^TiTV V h ° Se SltBS reqUWn9 r0SlS,anCe ,0 ,n,fus,on °' to ^ign matter as a result of being 
becomes SnaJerThaSh^, 0 ' ""I 06 ,ndentations caused » of foreign matter since the contact ellfpse 

HmLZZ^ . SU ^ 88 ,he bearinQ 9r00Ves °' the P°ver rollers (portions B and C of Fig 8A? 

grooves of the oonnr^n^rZ , 1 > ~ t rectan 9ular portion of the inner diameter hole of the bearing 
Td Tase b^SHLTL 9 fP °T n R " 8A)> 1 fe Pre,erab,e thrt me surfaca area ra «° <™e ^ove sec 

at the semi Woh tT il? ! ' 9 ^ anng P re «i"e-resistant member is obtained that secures high hardness even 
Ufa?. ZJ2f 9 temperatures, and has excellent surface fatigue strength such as pitting 1711 

S» AU ,s7m n e °? t W9h be8rlng P ' eSSWe SUCh ,hat IOCa ' beari " g P ress " ra exceeded 9 r °" ,n9 
o secure ^ne^cZ^ZT densi * <* < he ca *" ri « d ^ * "ess than 0.6%. ., is not possible 

making mis undesirable Funnel ' 9r0Wth *' 3 m,an paftiC,e Size that exceeds 3 Mm there* 

althounh m o,s!! !' Furtnerrnore - there a« "0 part.cular restrictions on the method of carburization treatment J 
anhough methods such as solid carburization. liquW carburization or gas carburization can be u^££22£ to 
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employ vacuum carburization or plasma carburlzatlon tf dossIm* thi* i«, t 

SSSLrt-Sl'T. eqUat '! n T 11,31 ' S ° Sed 10 Ca,CUla,e the Up P er limit V8,u « °» 0,6 h °W'"9 temperature for precipl- 

Sir^Sr^T an J" or balnite - ft ,s res,stan, to 8o « en, "9 - 

L^mpe^ 

t^al^r^ter^Jr.KS ^ diacontlnued Prtorto reaching equilibrium. In addition. It Is preferable 
00B61 AtSmTTJT, ^ P/«*»»*>" raiment be 550'C or higher from the vlewpoin of pmductMy 

» SSL for SrSSllt^ 9 P^ure-resletant member of the present Invention is also 

« ormora/camlTlsp^^^^^ 

its upper MtSZSn 7 ?£E eSu ? h f carb h urtzed member at a Palpitation temperature Tp <-C) having for 

by rolling contact Is less lhan 0 5% f !2 * P ° Cati ° n °' maxlmu "' ^^ring stress caused 

fallino to 1m ! T ' ca * ld8 surface area mi0 at mte *P* locat '°n >s unable to reach 0 3% therebv 

SXTS^T ^ ° f ,emPSr hardneSS PreVert,n9 thB ° btai ^ * aa « *«■"» Sengtn anS 

odSch a S F solSunf^io„ a . re « ^ f?' . feStriCtit> " S °" ,he cart > urizat >™ *»«"»nt method and although meth- 

Se. ana paStenV M 'c^ T 8,661 th6 PreSe0t inVen,i ° n is an altov that fomis 

3 ^Trom L vS 6 ^ *! 83pir, ? p " Carb,de ' as 18 P^iously mentioned, its amount added is preferaby about 1.2 to 
S22 . enSUn " 9 ,tS aC,i ° n While avoidi "9 i^reases in cost and decreased cutting ease Atthouoh 

X^SiCST n ^ cart>ide canno1 be expec,ed - and 1 ,he a — addad 

Stoni are 1^^!°" TT? ,k * bea "' n9 P"™"-"**"* member of the present invention, since con- 
ations are preferabV used such that the ratio (Td/Tc) of diffusion temperature Td ('C) following carburization to carbu- 
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rlzatlon temperature Tc (°C) when carburlzatlon treatment is performed by vacuum carburtzatlon or plasma 
carburization Is within the range of from 1 .05 to 1 .25, reticular carbide precipitated at the grain boundary during carbu- 
rization disappears easily. At this time, In the case the ratio of Td/Tc does not reach 1 .05, it become difficult to obtain 
this effect. In addition, the higher the temperature of diffusion, the larger the diffusion coefficient of carbon inside. This 
facilitates the disappearance of reticular carbide. However, in case that the ratio of Td/Tc exceeds 1 .25, there is melting 
of the steel surface, and therefore it is preferable that the upper limit of this ratio be 1 .25. 

[0093] On the other hand, if the cooling rate until the intermediate holding step (carbide precipitation step) following 
carburization diffusion is too slow, supersaturated carbon Is likely to be precipitated in reticular form at the grain bound- 
ary. Accordingly, it is preferable that the cooling rate at this time be 1 0°C/minute or more. Preferable methods for achiev- 
ing a cooling rate of 1 0°C/minute or more include gas cooling to the intermediate holding temperature in a carburization 
diffusion chamber, transferring to a cooling chamber outside the carburization diffusion chamber and lowering to the 
intermediate holding temperature, and temporarily quenching after carburization diffusion followed by heating to the 
intermediate holding temperature. 

[0094] Moreover, in the production process of the high bearing pressure-resistant member, in addition to the above 
steps, nHridfng is performed either simultaneous to carburization (carburization nitri ding) or following completion of car- 
burization, and therefore precipitation of reticular carbide Is prevented by nitrogen in solid solution. 
[0095] Since the production process of the high bearing pressure-resistant member of the present Invention pref- 
erably includes precipitating carbide while holding a member (material member) composed of mechanical structural 
steel containing Cr and 0.6 t .5% of carbon at a precipitation temperature Tp (°C) having for Its upper limit temperature 
T (°C) calculated from the above first equation for an amount of time shorter than time t (nr.) calculated according to the 
above second equation, followed by performing quenching after holding at the austenite region temperature. As a 
result, precipitation of coarse, reticular M 3 C-type carbide (cementlte) at the surface layer portion that contains the depth 
location of maximum shearing stress caused by rolling contact is Inhibited so that microscopic M^CVtype carbide that 
is stable even at the semi-high to high temperatures (300°C or less) is precipitated and the matrix becomes a marten- 
site structure. This allows the obtaining of a similar biphasic structure and the obtaining of the high bearing pressure- 
resistant member that has excellent surface fatigue strength such as pitting strength and rolling fatigue strength, while 
also realizing low production cost as a result of not requiring a carburization step. 

[0096] Since the production process of the high bearing pressure-resistant member of the present invention pref- 
erably includes precipitating carbide by holding a member composed of mechanical structural steel containing 1.2 to 
3.2% of Cr, 0.25 to 2.0% of Mo and 0.6 to 1 .5% of C at a precipitation temperature Tp (*C) having for Its upper limit tem- 
perature T (°C) calculated from the above first equation for an amount of time shorter than time t (hr.) calculated accord- 
ing to the above second equation, and quenching by cooling rapidly after holding at the austenite region temperature. 
In this production process, a carburization step is similarly not required, and precipitation of coarse, reticular M 3 C-type 
carbide at the surface layer portion that contains the depth location of maximum shearing stress caused by rolling con- 
tact is similarly inhibited. Additionally, a biphasic structure Is obtained consisting of a first phase that does not contain 
carbide and a second phase in which microscopic carbide is precipitated in a matrix consisting of martensite and/or 
bainlte. Consequently, a high bearing pressure-resistani member can be inexpensively obtained that secures high 
hardness and has excellent surface fatigue strength such as pitting strength and rolling fatigue strength even under high 
bearing pressure. 

[0097] In the production process of the high bearing pressure-resistant member, since nitriding is preferably per- 
formed on the member (material member) in addition to the above, precipitation of reticular carbide on the member sur- 
face is inhibited by nitrogen in solid solution. Furthermore, the nitridng treatment at this time may be performed before 
or after the carbide precipitation step. In the production process of the high bearing pressure-resistant member, since 
holding at the austenite region temperature prior to quenching is preferably performed sjmultaneous to the carbide pre- 
cipitation step, this step can be simplified in the case the austenite region temperature coincides with the carbide pre- 
cipitation temperature, thereby enabling cost to be reduced. 

EMBODIMENTS 

[0098] The following provides a detailed explanation of the present invention based on its embodiments. 
Embodiments 

[0099] Small roller test piece 1 for roller pitting testing as shown in Fig. 1 (diameter of large diameter portion Dl = 
26 mm. length of large diameter portion LI = 28 mm, diameter of small diameter portion 02 = 24 mm and length of small 
diameter portion 12 = 51 mm), and disk-shaped test piece 3 for thrust-type rolling fatigue testing as shown in Rg. 2 
(diameter D4 = 60 mm, thickness t2 = 5 mm) were cut out using mechanical structural steel of each of the compositions 
shown in Table 9. Then, after performing carburization or carbonitriding, carbide precipitation treatment, quenching and 
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istied by grinding. Plasma carburlzatlon was used for the carburization method at this time. 



Table 9 



w 



is 



20 



TVpe of Steel 






Chemical Composition (wt%) 


T 




C 


Si 


Mn 


P 


S 


Ni 


Cr 


Mo 


V 




1A 


0.20 


6.25 


0.30 


0.015 


0.009 


1.9 


2.00 


0.70 


0.20 


784.2 


1B 


0.20 


0.25 


0.80 


0.015 


0.009 




1.10 


0.15 




770.25 


1C 


1.00 


0,25 


0.30 


0.015 


0.003 


2.0 


2.00 


0.70 


0.19 


785.5 


ID 1 


0.60 


1.03 


0.39 


0.013 


0.005 


2.1 


2.10 


1.20 


0.00 


1062.9 


1E 


0.40 


1.00 


0.35 


0.015 


0.006 


2.0 


2.00 


1.50 


0.20 


1043.5 


1F 


1.B0 


1.10 


0.40 


0.014 


0.003 


1.9 


2.10 


1.40 


0.20 


1039.7 


1G 

'Note! 


0.20 


1.00 


0.30 


0.015 


0.015 


2 


1.50 


1.50 


0.20 


1028.5 



T « 675 + 120 • Sl(%) - 27 • Ni(%) + 30 * Cr{%) ♦ 215 • Mo(%) • 400 • V(%) 
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Table 10 



50 


Classification 


Type of Steel 


Heattreatment 
conditions 


Surface car- 
bon density 
(wr%) 


Carbon den- 
sity at depth of 
max.- shearing 

stress (wt%) 


Base material 
structure 
(wt%) 


Precipitate 
structure 


55 


Invention 
example 31 


1A 


Fig. 9A 


1.0 


0.6 


Martensite 


^23^6 
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Table 10 (continued) 



Classification 


Type of Steel 


Heat treatment 
conditions 


Surface car- 
bon density 
(wt%) 


Carbon den- 
sity at depth of 
max. shearing 

stress (wt%) 


Base material 
structure 
(wt%) 


Preeirirtatft 
structure 


Invention 
examole 32 


1C 


Fig.9C 


1.0 


1.0 


Martensite 


M^Ce 


Invention 


ID 


Fig. 9D 


0.6 


0.6 


Martensite 


M23C5 


Invention 


1A 


Fig.lOE 


1.1 


0.7 


Martensite 


^23^6 


Invention 
example 35 


1A 


FIg.lOF 


1.1 


0.5 


Martensite 


^23^6 


Invention 
example 36 


1A 


Fig.10G 


1.0 


0.6 


Martensite 


M23C 6 


Invention 
example 37 


1E 


Fig.9C 


0.4 


0.4 


Martensite 


M23C 6 


Comparative 
example 21 


1B 


Fig.9B 


1.1 


0.7 


Martensite 


M 3 C 


Comparative 
example 22 


1F 


Fig.9C 


1.8 




Martensite 


M 23 c e + M3C 



Table 11 



Classification 


Precipitate 
mean particle 
size (u/n) 


Carbon surface 
area ratio in 2 nd 
phase (%) 


Surface area ratio 
of 2 nd phase (%) 


Thrust test life 
(L50) (times) 


Roller pitting life 
(times) 


Invention exam- 
ple 31 


oii 


15.8 


81 


8.8x1 0 7 


Surpassed 10 7 


Invention exam- 
ple 32 


0.17 


17.9 


52 


8.1 X10 7 


Surpassed 10 7 


Invention exam- 
ple 33 


0.18 


12.4 


22 


7.2x1 0 7 


Surpassed 10 7 


Invention exam- 
ple 34 


♦ 0.16 


23.1 


35 


7.9x1 0 7 


Surpassed 10 7 


Invention exam- 
ple 36 


0.19 


18.8 


23 


8.9x1 0 7 


Surpassed 10 7 


Invention exam- 
ple 36 


0.20 


20.1 


19 


9.1x10 7 


Surpassed 10 7 | 


Invention exam- 
ple 37 


0.19 


2.0 


2 


5.3x10 s 


Surpassed 10 7 


; Comparative 
example 21 


3.80 




0 


2.1X10 7 


Surpassed 10 7 


Comparative 
example 22 


4.20 


22.2 


55 


3.4x10^ 


Surpassed 10 7 
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[0105] As Is clear from the results shown In Tables 10 and 1 1 aft^r n^r^i^ ~ ^ ■ *. 
content steel so that the surface carbon density Is wrthin th« perforrn,n 9 "rburlzatlon treatment on the Cr- 

moving to a Jed roomt^^ ? «? " , °"° WeC ' * t8mp ° rari,y 

precipitated on the roliina S udJ~ «»w ! J ?! ? 1 3 mte: 80 C/mm )- Sraln border reticular carbide was not 

fng "'the ottl^ -s fineiy dispersed, result- 
burizatlon treatment unde condWone Tu5 2 ^" in 9 ^"9^ strength. In Invention example 35, after performing car- 

B0*C (cooling ^ Z^cZ^lZ ™° ra, '° W8S 118 tol,owed temporarily quenching In oil at 

austen^nl^^^^ Z2? * I I* 01 " 8 !* ^ raised ,o the 

was similar to the case of the L^n!l T * qUe , nchin 9 and ««"P°rlng. As a result, a structure was obtained that 

-alrin^^ T P a *»™ d * deducing ammonta gas into the fu, 

paring were performed? a s^T^Tl^T °" * 8 °" C " prec, P itetio " «"*™"«. ^enchmg and tern- 
grain boundary reE.a cl^To^eZ,^ ^^TJ^^^ ftat thep " was no Palpitation of 
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were imhS !f P " ° UtpUt 01508 13 and 14 a,on 9 wi,h '""er and outer rings 16 and 17 of power roller IS 
^S^SSSSZ^ T Pe K 0m,ed ^ ,he ,Or0Wal C ° nUnU0US,y vartab,e t-nsmtZbo«hown 

14 and power rol tor in„ e Z^ZTZIZ ZT? T Ada,,i0nal, » the ' a «9"« '»* of discs 13 and 

» [011 11 As a resutt !1 Th« T x ° m 0,6 ,eS ' reS0,,s of ,he ^-discussed rolling fatigue test. 

Hvrtr Lne£ w^.f' k, " Tab ' e 12> ,he r0l,in9 e,ements ln inventio " e **rnP'<* 38. 39 and 40 (these resoec 
«Xbo^ 

ness at the rolling contact S S £ hios ,k 23 * W8S P rec 'P itated - Consequently, since the temper hard- 

sures. In adS. on s^e^e is hinh 9 ' T Z * ^ de,ormation ™» * r,igh contact faring pres- 

ss there Is imie suSSL^ hi 9 te "W"ardness even at the location of the depth of maximum shearing stress 
[01 121 (.Tf? ^ occurrence °' structural changes caused by rolling fatigue, thereby resulting in lono fife 
SecJL , 0,her { hand - ' he ro,li "° el «ments pertaining to comparative examples 23 and 24 (these ScWa 

TZX^^&ZZZ ': e r ent condi,ions of compara,ive examp,es 31 and 32 

23 6 type carb.de is not precp.tated. there .s increased susceptibility to plastic deformation at high contact 
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bearing pressures, and separation was confirmed to occur easily. 



Table 12 



Classifies- J Type of Steel I Heat treat- 
Hon I I ment condi- 

tions 



site (Figs. 
8A t BB) 



2 nd phase 
surface 
area ratio 



Endurance testing 



Shotpeening 



Roiling 
fatigue life 



15 



20 



25 



In* Ex. 3B 
(Inv. Ex.31) 



1A 



Fig. 9A 



81 



No 



73 



No 



64 



No 



20 



Yes 



78 



No 



15 



Yes 



® 



® 



® 



40 



45 



50 



55 



Inv. Ex. 39 
(Inv. Ex. 34) 



Inv. Ex. 40 
(Inv. Ex. 36) 



Comp. Ex. 
23 (Cornp. 
Ex. 31) 



Comp. Ex. 
24 (Comp. 
Ex. 32) 



1A 



Fig. 10C 



1A 



Fig. 10G 



1B 



Fig. 9B 



1C 



Fig. 9C 



F 



Note) 

® Indicates excellent evaluation; 
O indicates better evaluation; 
O indicates better 



52 



49 



42 



12 



46 



22 



15 



13 



16 



0 



38 



34 



16 



39 



11 



No 



No 



No 



Yes 



No 



Yes 
No 



No 



No 



Yes 



No 



Yes 



No 



No 



No 



Yes 



No 



Yes 



No 



No 



No 



Yes 



No 



Yes 



© 
© 
® 



© 



© 



© 



© 



© 



o 
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Embodlmant g 



10113) After performing lathe turning and gear cutting using steels 1A, 1B and 1F shown in Table 9 in the same 

5 SS£!iSS^ 5? Perf0rmed ° n e0Ch 8,661 * com ^'"9 w,,h the same coni a 

romi 1 aS^S IS P6 k 9 ^ 9rlnd,n9 ,0 ° D,aJn 11,6 96are hav, "9 specifications shown In Tabled 

m r> tvno Zkm T V T P !f Embodrment 4), since the structure did not contain precipitation of 

M23C 6 -type caiblde, temper hardness was low and pitting occurred easily. precipitation of 



Table 13 
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Classification 


Type of Steel 


Heat Treatment 


Arc Height 


Pitting Life 




Invention example 41 (Invention 
example 31) 


1A 


Fig. 9A 


0.95 


Surpassed ixl 0 7 times 


25 


Invention example 42 (Invention 
example 34) 


1A 


Fig. 10E 


0.94 


Surpassed 1x10 7 times 




Invention example 43 (Invention 
example 36) 


1A 


* Fig. 10G 


1.12 


Surpassed 1xl0 7 times 


30 


Comparative example 25 (Comp. 
Example 31) 


IB 


Fig. 9B 


0.91 


4,4x1 0 e times 




Comparative example 26 (Comp. 
Example 32) 


1F 


Rg. 9C 


0.97 


0.6x1 0 6 times 


35 


Arc height indicates intensity of shot-peening and corresponds to height of 


warp of thin sr 


jeet under shot-peening. 



40 



b A it u ? m ; h ed TTisz£rsssr^ rr? to certa,n embotf,mente - *• *° 

described above SToccS to hosTsSTd in £TE ^ J^T"" 0 '" ^ Var,a " 0nS °' ,he **•*"•«* 
defined with reference to the fo lowing c iSs " 9W °' 0,6 The SC0 P e °» •"»«"«<>" « 



45 Claims 



50 



55 



A high bearing pressure-resistant member comprising 

ona ofm^fLt 8,661 COma ' nin9 Cr - SBW mec "anical structural steel including a matrix having at least 
r ^ Stm T 6 and baini,e StrUC,Ure ' said ma,rix carbide having a mean particte sile S 

arsBEisr in ,o,m - * ,ea * one of ^ sphere L 

tklt-^l P ? SSU ?" reSiS,am memb6r 38 Claimed ln C,aim said mechanical structural steel includes a first 
meTjLrtSr r r ' enSi,e StfUC,Ure a " d bainite StrUCtUre ' said matri * ««taW*9 camide halo a 

sssi ,wn or • persed and precipua,ed in ,orm ° f * ,east ° ne °' 9anera »y mm 
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3. A high bearing pressure-resistant member as claimed In Claim 2 t wherein said second phase region includes car- 
bide which contains M^Cg-type carbide containing at least Cr, dispersed and precipitated in the second phase 
region. r 

4. A high bearing pressure-resistant member as claimed in Claim 2, wherein a surface area ratio of the second phase 
region at a site subjected to rolling fatigue due to rolling contact and sensitive to a surface origin separation is within 
a range of from 3 to 1 00% at a uppermost surface of said mechanical structural steel. 

5. A high bearing pressure-resistant member as claimed in Claim 2. wherein e surface area ratio of the second phase 
region at a site subjected to rolling fatigue due to rolling contact and sensitive to a surface origin separation is within 
a range of from 50 to 80% at a uppermost surface of said mechanical structural steel. 

6. A high bearing-pressure resistant member as claimed in Claim 2. wherein a surface area ratio of the second phase 
region at a site subjected to bending fatigue by a repetitive load of bending stress is 90% or less et a uppermost 
surface of said mechanical structural steel, wherein shot-peenlng is performed at the uppermost surface. 

7. A high bearing pressure-resistant member as claimed in Claim 6. wherein the surface area ratio of the second 
phase region at the site subjected to bending fatigue by a repetitive load of bending stress is 30% or less at the 
uppermost surface of said member, wherein shot-peenlng is performed at the uppermost surface. 

8. A high bearing pressure-resistant member as claimed in Claim 2, wherein a surface area of the second phase at 
the site subjected to rolling fatigue by a repetitive load of shearing stress caused by rolling contact is 3% or more 
at a surface layer extending from a surface of said material member to a depth location where a maximum shearing 
stress occurs. 

9. A high bearing pressure-resistant member es set forth in claim 8. wherein the surface area ratio of the aecond 
pnase at the site subjected to rolling fatigue by a repetitive load of shearing stress caused by rolDng contact Is 50% 
or more at the surface layer extending from the surface of said material member to the depth location where the 
maximum shearing stress occurs. 

10. A high bearing pressure-resistant member as claimed in Claim 3. S is contained in an amount of 0.01% by weight 
or less relative to weight of said mechanical structural steel 

11. A high bearing pressure-resistant member as claimed in Claim 3. wherein said carbide is dispersed and precipi- 
teted at a surface area ratio ranging from 0.3 to 30% In the second phase region. 

12. A high bearing pressure-resistant member as claimed in Clelm 10. wherein nitrogen is contained in solid solution 

iu^T" .^ 9 ^ m 0 01 ! ° ° ,5% " y re ' ative t0 We,aht * 861(1 ma,eria ' ™"*>*'> a » 'a** a location from a 
™L , . f T" 9 P ressure - reslstant ™mber formed before grinding to a surface of said high bearing 
pressure-resistant member formed after grinding. 

13. A high bearing pressure-resistant member as claimed in Claim 2. wherein said mechanical statural steel contains 
cr in an amount ranging from 1 .2 to 3.2% by weight and Mo in an amount ranging from 0.25 to 2.0% by weight 

14. A high beering pressure-resistant member as claimed in Claim 13. wherein nitrogen is contained in solid solution 

iLfLTT r^ 9 001 10 05% by Welght re,ative ,0 wei 9 nt * sald "'9h bearing pressure-resistant mem- 
ber, at least a location from a surface of said member formed before grinding to a surface of said high bearing pres- 
sure-resistant member formed after grinding. 

15 ' ^, l9h .K bea «'!, 9 P ^ e ! SUre ' reSiS,am membe f as claimed in Claim 13. wherein sulfur is contsined in an amount of not 
more than 0.01 % by relative to weight of said mechanical structural steel. 

16. A high bearing pressure-resistant member as claimed in Cleim 2, wherein said carbide at least at a cross-sectional 
surface of said mechanical structural steel located at a depth of the occurrence of maximum shearing stress 
caused by rolling contact is dispersed and precipitated in a surface area ratio ranging from 0.3 to 30%. 

17. A high bearing pressure-resistant member as claimed in Claim 1 6. wherein said steel has a surface carbon density 
at a site subjected to rolling fetigue caused by rolling contact, within a range of from 0.6 to 1 .5% by weight. 
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18. A high bearing pressure-resistant member as claimed In Claim 2, wherein a carbon density at a site subjected to 
rolling fatigue by a repetitive load of shearing stress caused by rolling contact Is 0.5% by weight or more. 

1 9. A high bearing pressure-resistant member as claimed In Claim 2, wherein said member is a rolling element forming 
part of a toroidal continuously variable transmission. 

20. A process of producing a high bearing pressure-resistant member, comprising: 

performing a carburlzatlon treatment on a material member formed of a mechanical structural steel containing 
Cr so that a surface carbon density of said mechanical structural member is within a range of from 0 6 to 1 5% 
by weight; 

precipitating carbide by holding the carburized material member at a precipitation temperature Tp (°C) having 
an upper limit temperature T (°C) calculated according to a first equation: T = 675 + 120* Si(%) - 27 • Ni(%) + 
30 • Cr(%) + 21 5 • Mo(%) - 400 • V(%) based components of the material member for a time shorter than a time 
t (nr.) calculated according to a second equation: t = iot ,900orT P+ 273 > ■ *°> based on-said precipitation temper- 
ature Tp CO; and 

quenching the carbide-precipitated material member by rapidly cooling the carbide-precipitated member after 
holding the carbide-precipitated material member at at least one of a Ac, transformation temperature and a 
temperature at which austentte phase is formed. 

21. A process as claimed in Claim 20, wherein said materlaJ member contains Cr in an amount ranging from 1.2 to 
3.2% by weight and Mo in an amount ranging from 0.25 to 2.0% by weight so as to have a surface carbon density 
is within a range of from 0.6 to 1.5% by weight, wherein said performing carburization treatment includes setting a 
carbon density at a site of a depth of occurrence of maximum shearing stress caused by rolling contact, within a 

& range of 0.5% by weight or more. 

22. A process as claimed in Claim 21 , wherein a ratio (Td/Tc) of a diffusion temperature Td (*C) after the carburization 
treatment to a carburization temperature Tc ("C) during the carburization treatment is within a range of from 1.05 
to 1.25. 

30 

23. A process as claimed in Claim 22, wherein a cooling rate in a transient time from completion of the carburization 
treatment to said precipitating carbide is 1 0°C per minute or more. 

24. A process as claimed in Claim 23, wherein nitriding is performed on said material member simultaneous to or after 
35 completion of the carburization treatment 

25. A process as claimed in Claim 20, wherein the mechanical structural steel contains Cr and carbon In a range of 
from 0.6 to 1.5% by weight. 

40 26 ' *£™ e fJ* C,aImed ,n C,aim 20 ' wnere,n the mechanical structural steel contains Cr In an amount ranging from 

] \ ll J* V 9ht * Mo ,n an amount ran 9 ,n 9 f rom 0-25 to 2.0% by weight, and C In an amount ranging from 0.6. 
to 1.5% by weight 
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50 



55 



27. A process as claimed in Claim 20, wherein holding the carbide-precipitated material member at at least one of a 
Ac, transformation temperature and a temperature at which austenite phase Is formed also serves as said precip- 
itating carbide. 

28. A process of producing a high bearing pressure-resistant member, comprising: 

performing carburization treatment on a material member formed of a mechanical structural steel containing 
Cr so that said material member has a surface carbon density within a range of from 0.6 to 1 .5% by weight; 
precipitating carbide by holding the carburized material member at a temperature having an upper limit tem- 
perature T (°C) which is calculated from an equation: T = 675 + 120 • Si(wt%) - 27 • Ni(wt%) + 30 • Crfwt%> + 
215-Mo(wt%)-400-V(wt%);and 

quenching the carbide-precipitated material member by rapidly cooling the carbide-precipitated member after 
holding the carbide-precipitated member at a temperature at which austenite phase is formed. 

29. A process as claimed in Claim 28, wherein said mechanical structural steel contains Cr in an amount ranging from 
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mL, n«Sl^ 9 ? ^ M ° f™ ^ ™ n9,n9 fr ° m 0 25 ,0 2 0% ^ we, 9 ht - wherel " carburlzatlon treat- 
T a LcatHf ^ f S c r S,^9 K Sa,t, material membart0 have a ^ns.ty of not less than 0.5% by weight 

at a location of depth of sa,d member where maximum shearing stress occurs caused by rolling contact. 

30. A P^essas c^ed In Claim 28. wherein said mechanical structure, steel contains Cr in en amount ranging from 
to 1 o4'by wlit ^ ran9 ' n9 ^ 0 1 ° 2 ° % bV We ' 9ht> and ° an Bm0Unt ran9 ' n9 from 0 6 

31 * me^eT * C ' a ' m 28 ' Where ' n carbur,M,,on frea, ™"« performing includes nitriding said material 
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FIG.1 
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